This paper is an attempt to find the interdependence existing between petrophysical properties and ultrasonic wave velocities. Porosity and permeability, apart from other properties, are the two fundamental physical properties of rock responsible for storing and producing hydrocarbon. Understanding the elastic properties of such rocks is essential in developing a deep understanding about the rock and fluid models that describe the seismic response to realistic hydrocarbon reservoirs under different environmental conditions. Therefore, in this study, a detailed state-of-the-art review of the existing association between compressional and shear wave (also known as P wave and S wave) velocities (V p and V s ) and different petrophysical properties (porosity, density, permeability, water absorption and clay content) has been summarized for carbonate and sandstone rock types of different regions. The relationships discussed are based on datasets measured in laboratory by various researchers under ambient conditions. An effort is made to propose a general trend (global trends) for porosity versus V p and bulk density versus V p , which is independent of the type of datasets. However, it is clear that trends do exist, but the prediction is difficult. The empirical relationships derived by various researchers are valid only to the particular dataset for which the relationship was derived. The influence of other factors like mineralogy, rock framework, pore geometry has not been studied by the researchers in their respective studies. Nevertheless, these relationships and correlations can be useful in hydrocarbon exploration industry where direct measurements may not be possible. Moreover, an accurate reservoir description can only be achieved by the integration of geological, petrophysical and geotechnical data.
Introduction
The recovery from unconventional energy fields such as tight oil and gas fields, coal bed methane, shale gas and sustainable energy management practices such as carbon sequestration in the past decade has given rise to new opportunities (Chengzao 2017) and challenging technical innovation in the petroleum industry. These new opportunities resulted in a greater focus on rock properties and reservoir heterogeneities that affect the reservoir performance. Reservoir rocks, being the end-product of a series of complex geological and hydrodynamical processes like sedimentation, compaction and diagenesis (Dvorkin et al. 2014) , are characterized by complex pore space geometry. These complex pore structures control the associated petrophysical properties like porosity, permeability and related seismic velocity. Understanding the elastic properties of such rocks is quite challenging due to the heterogeneity and complexity of their structures. During the prospecting phase of any reservoir (conventional or unconventional), subsurface geological and petrophysical evaluation is predominantly based on seismic data. Seismic data provide a structural image of the subsurface that depends on various parameters such as lithology, porosity, type of fluid, pressure and temperature (Yu et al. 2016) . These data help in delivering the information about different petrophysical properties like density and porosity. Hence, it is essential to correctly understand the relationship between the seismic, petrophysical and the geological properties in order to correctly predict the reservoir characteristics from the seismic attributes. Many researchers Assefa et al. (2003) , Kahraman and Yeken (2008) , Kassab and Weller (2015) , Al-Dousari et al. (2016) and Pappalardo and Mineo (2016) have conducted studies relating the compressional and shear wave velocities with the petrophysical properties of sedimentary rocks by using different laboratory techniques based on ultrasonic velocity measurements.
Ultrasonic velocity measurement techniques have been used by researchers McDowell and Millett (1984) , Han et al. (1986) , Gaviglio (1989) , Klimentos (1991) , Yasar and Erdogan (2004) , Kahraman (2007) , Sharma and Singh (2008) , Kahraman and Yeken (2008) , Kilic and Teymen (2008) , Sarkar et al. (2012) and Madhubabu et al. (2016) across the literature to determine the compressional and shear wave velocities of various rock samples in laboratory. The advantage of ultrasonic method of measurement is that it is simple, fast, economic and nondestructive in nature (Moradian and Behnia 2009) . Thus, it can be used in field as well as in laboratory and hence used widely in civil, mining and geotechnical engineering. The main idea of this paper is to explore a link between physical properties and elastic properties that can help in developing a deep understanding about the rock and fluid models that define the seismic response to realistic hydrocarbon reservoirs.
The understanding and quantification of rock elastic wave velocity variations are significant to extract petrophysical properties from seismic attributes. As there exists a large variation in the actual measurement of compressional and shear wave velocities, several models exist on the relationship between seismic data and petrophysical properties. Different researchers established that the compressional and shear wave velocities depend on various petrophysical properties like porosity, density, water absorption, clay content, saturating fluid and permeability. Compressional and shear wave velocities may increase or decrease depending on different parameters since one-to-one relationship between the properties is not yet established. Hence, the objective of this paper is to analyze the state-of-the-art research conducted by different researchers in laboratory-scale measurements of various reservoir rock types on compressional and shear wave velocities and their dependency on petrophysical properties.
Due to different arrangement (packing) and composition of grains, there are differences in density, porosity and permeability as a result of which there are differences in compressional and shear wave velocity. Many researchers have conducted studies relating the compressional and shear wave velocities with the petrophysical properties by different laboratory techniques for measuring ultrasonic wave velocity as mentioned in Table 1 and observed that there exists a definite relation between them. For example, V p increases with a decrease in porosity, while V p increases with an increase in density, but the scattering of data indicates that the influence of factors like rock framework and mineralogy must also need to be considered while evaluating the relationship between them. Moreover, the higher the density, the lower the porosity, and thus, the higher the V p (Gaviglio 1989; Yasar and Erdogan 2004; Kahraman and Yeken 2008; Soroush et al. 2011; Sarkar et al. 2012; Kassab and Weller 2015; Parent et al. 2015; Kurtulus et al. 2016; Sayed et al. 2015; Al-Dousari et al. 2016 ). Thus, there exists an interdependence between the petrophysical properties and compressional and shear wave velocities. Various researchers have tried to establish these interdependencies with respect to the experimental datasets measured under ambient as well as stressed conditions. It is an established fact that ultrasound compressional and shear wave velocities are effected by stress conditions. Hence, to analyze the interdependencies of various petrophysical parameters on V p and V s , it is healthier to use datasets measured under ambient conditions. The present paper thus focuses on the datasets available in the literature measured for sandstones and carbonates under ambient conditions.
Methodology
In the present study, an attempt is made to correlate the variation in compressional and shear wave velocities (V p and V s ) of different sedimentary rocks with respect to different petrophysical parameters such as porosity, density, water absorption, clay content and permeability. In order to include a wide range of datasets for a comprehensive analysis, datasets used in this paper are generated by various researchers from laboratory experiments conducted on sandstones, carbonates and other sedimentary rocks such as mudstone and shale under ambient conditions. The present paper used only reported datasets generated from experimental measurements under ambient conditions so as to have Ultrasonic pulse generator operating at 54 kHz Kurtulus et al. (2016) a common reference condition. Literature reported datasets generated from experimental measurements under stressed conditions were found to be derived under a range of stress values rather than a common standard value. As a result, it will be challenging to establish a common reference condition to correlate velocity values with petrophysical parameters. Moreover, samples might undergo mechanical alteration during pressurization under stressed conditions (alter sample microstructure) (Baechle et al. 2005) . Therefore, the datasets developed under stressed conditions in laboratory have been excluded in this study. The dataset comprises ultrasonic velocity measurements taken on different types of sandstone, mudstone, wackestone, limestone, marlstone, siltstone, conglomerate, claystone, marl, dolomite, shale, shaly sands and dolomitic limestone. Table 1 summarizes the details about the ultrasonic technique used for measuring V p and V s on different rock types by different researchers in their respective studies. During the process of data generation, it was found that there is scarcity in high-quality data, and hence, we have adopted a much-generalized approach in the consideration of geographic location, stratigraphy or geochronology of the rocks. The location of rocks from which the datasets have been generated for this particular study has been plotted in global map as shown in Fig. 1 , and it indicates that datasets from all across the world have been taken for this study. The datasets used for the present study comprise V p and V s measured for various sedimentary rock samples in laboratory using different ultrasonic techniques as discussed in the subsequent paragraphs. However, it was found that experimental datasets available for measured values of shear wave velocity (V s ) are very rare. The reason for less datasets available for relationship between V s and petrophysical properties in the literature may be due to several reasons including the fact that V s is commonly calculated from V p values that are already established method followed by researchers. Many empirical relations are suggested in the literature, such as, V p /V s = 1.65-2 (Johnston and Christensen 1993) , V p /V s = 1.5-1.7 for quartzose sandstones, V p /V s = 1.9 for pure limestones (Assefa et al. 2003) . Hence, more studies were focused on relating V p with the petrophysical properties such as porosity, permeability, density and clay content. By using the correlation between V p and V s (V p /V s ratio), the relationship between V s and other petrophysical properties can be evaluated.
The different ultrasonic techniques, namely pulse-echo (Gaviglio 1989; Klimentos 1991; Assefa et al. 2003 etc.) and through transmission (Han et al. 1986; Yasar and Erdogan 2004; Kahraman and Yeken 2008; Kilic and Teymen 2008; Moradian and Behnia 2009; Sarkar et al. 2012; Madhubabu et al. 2016) , were used by various researchers to measure the compressional (longitudinal) and shear (transverse) wave velocities in different rock samples. In pulse-echo technique, only one transducer (acting as both transmitter and receiver) is used for measuring velocity. For through transmission technique, a pair of transducers (one transmitter and one receiver) is used for measuring the velocity, and hence, the measured velocity (V p or V s ) may not be affected by the type of measurement. The velocity of the rock samples has been determined either by using PUNDIT-Portable Ultrasonic Non-destructive Digital Indicating Tester (Kilic and Teymen 2008; Karakul and Ulusay 2013; Yasar and Erdogan 2004; Moradian and Behnia 2009; Brotons et al. 2016) , or by using a combination of pulse generator, transducers (transmitter and receiver) of varying frequencies (54 kHz to 1 MHz) and oscilloscope (Kahraman and Yeken 2008; Mueller 2013; Vilhelm et al. 2016) . The Pundit consists of a pulse generator, transducers and an electronic counter for time interval measurements. Two different kinds of transducers have been used: a longitudinal transducer for measuring the P-wave velocity and a shear transducer for measuring the S-wave velocity. The velocity values determined do not appear to be frequency dependent as long as the wavelength is significantly greater than the grain size (ISRM 1978; ASTM 2005) . ISRM (1978) recommends the minimum lateral dimension should not be less than ten times the wavelength, while ASTM (2005) stipulates five times the wavelength.
Several test techniques and procedures have been employed in the literature for determining the different petrophysical properties. Table 2 shows the different standards/codes that have been used for the determination of different physical parameters, while Table 3 shows the instruments/tests used/conducted to derive datasets that are used for this study. We have not carried out any standardization or normalization on the datasets though it may be important to have one such as datasets generated from different methods or process. However, such an approach can propagate some bias in the analysis, and hence, we used original data as such.
To understand the relationship between compressional wave velocity (V p ) and porosity, a combined graphical representation was generated from the given datasets of Kahraman and Yeken (2008) , Kilic and Teymen (2008) , Kurtulus et al. (2016) , Kassab and Weller (2015) and Madhubabu et al. (2016) . For datasets that are not in table format, graphical values were taken and plotted along with other datasets (Soroush et al. 2011; Pappalardo 2015; Parent et al. 2015; Sayed et al. 2015) . Similarly, bulk density-V p graph was plotted from values obtained by Kahraman and Yeken (2008) , Moradian and Behnia (2009) and Kurtulus et al. (2016) and from graphical values given by Soroush et al. (2011 ), Parent et al. (2015 and Sayed et al. (2015) . Water absorption-V p relationship was obtained from dataset of Kahraman and Yeken (2008) and Kurtulus et al. (2016) and graphical values from Soroush et al. (2011) . Permeability-V p relationship was derived from studies conducted by Kassab and Weller (2015) , Al-Dousari et al. (2016) and Sayed et al. (2015) . Similarly, a combined graphical representation was obtained between shear wave velocity and different petrophysical parameters. From the available data, a linear plot is considered to illustrate the relationship between the compressional velocities (km/s) with porosity (%), bulk density (g/cm 3 ) and water absorption (%). A semi-log plot is used between compressional wave velocities and permeability (mD). It is important to understand the fact that a combined graphical representation of two parameters taken from studies conducted by various researchers across the world could lead to a general or universal trend that could nullify the effect of many other less important factors underlying in it. For this purpose, first we analyzed already existing trends or relationships in the form of equations (empirical relations) established by various researchers. From such analysis, it was found that empirical relationships derived by various researchers are applicable only to the datasets from which they were derived and are not useful as a general trend for extrapolation or interpolation. In another way, it means the correlation between the two parameters is poor. Although a general positive or negative trend is shown between the plotted parameters, it cannot be generalized in the form of a mathematical equation.
An effort is made to exclusively understand the relationship between V p and porosity and the underlying effect of density on it. This is achieved by plotting velocity ratio (ratio of actual V p and V p obtained through proposed general trend for density) and porosity for those particular datasets for which density, porosity and compressional velocity were measured in the laboratory and available. These datasets include the studies of Kahraman and Yeken (2008) , Soroush et al. (2011) , Kurtulus et al. (2016) and Kassab and Weller (2015) . This attempt is made to nullify the density effect by removing the effect of density from the porosity-velocity relationship.
Results and discussion
In the present study, we tried to analyze the change in the compressional and shear wave velocities of various sedimentary rock samples with respect to a number of petrophysical parameters such as porosity, bulk density, water saturation and permeability in ambient conditions. Among the datasets analyzed, datasets labeled as D, E, F, K, L, M, O, P represent carbonate rocks, while A, C, N represent sandstones as referred in Table 1 . Datasets labeled as B, G, H, I, J, Q represent a combination of different rock types as summarized in Table 1 . The relations between petrophysical properties and compressional and shear wave velocities for reservoir Madhubabu et al. (2016) rocks have been analyzed and plotted, and all the empirical relations existing between them have been tabulated.
Density and porosity
One of the important petrophysical property analyzed in this study is bulk density. The bulk density takes into account the total volume (solid and pore space) of the rock specimen, including the natural voids. Several researchers, in their studies, have related V p and V s with the bulk density since these values are relatively easy to measure in field as well as in laboratory. A combined graphical representation of all the datasets (Fig. 2a) was generated to analyze the existing relationships and derive a general trend. The range of bulk density found from the graph is between 1.85 to 2.75 g/cm 3 , and V p ranges from 2 to 7.1 km/s. In general, it can be said that there is a linear relationship between V p and bulk density for all rock types. Figure 2b is an alternative representation of Fig. 2a along with empirical equations derived by various researchers relating bulk density and P-wave velocity. It is obvious from Fig. 2b that all the empirical relationship given are valid to only the datasets from which it was derived and none of the existing empirical equations can be used as a general trend. Table 4 enlists all the empirical relations existing between density (bulk, saturated and dry density) and V p . We tried to fit a general trend for the entire dataset plotted, and Fig. 2c shows the general (proposed) linear trend bounding the maximum and minimum range of bulk density and compression wave velocity. General trends or global trends should be independent of the type of rock under study which is not applicable in this case. No clear trend is observed between bulk density and V s .
A detailed analysis of the relationship between V p and porosity (n) is presented in this study. For this purpose, three graphs have been plotted which highlight the correlation between n and V p . In Fig. 3a , only the datasets as reported by different researchers for their respective reservoir rock types have been plotted. In Fig. 3b , data representing the empirical equations as studied across the literature for the respective reservoir rocks, along with the datasets combined, are plotted. Figure 3c shows the general (proposed) trend, that is, an exponential decrease in porosity with an increase in V p . Such a type of general trend is independent of the type of rock under study which may be important for identifying an accurate relationship among the two parameters (n and V p ). On closer scrutiny, the range of porosity found from the plotted graph is 0.40% to 37.81% for all the different rock types, for V p varying between 1.47 and 6.75 km/s. However, the porosity values for carbonates and sandstones are scattered over the entire graph. Thus, it is clear that a negative correlation exists between V p and porosity which is valid for rock types for different porosity ranges. The dominant variables affecting the compressional wave velocity (V p ) include bulk density and porosity. In order to account for its dependency, V p has been plotted with bulk density as primary axis and porosity as secondary axis for a common set of data available, as shown in Fig. 4b . It is evident from the highlighted circle in the graph that, for a lower value of V p , lower is the bulk density and higher is the porosity, thereby showing the generality in the correlations that relate the petrophysical properties of rocks with V p . and, c including general trends derived from this study (datasets plotted as symbols while solid lines represent proposed general trends) various researchers from their datasets, and after plotting these datasets, it is evident that those empirical relationships are not valid in a general form and a one-to-one correlation is not possible. Hence, an attempt is made to establish a one-to-one relationship by removing the influence of density factor. The sole purpose of plotting Fig. 5b is to understand the direct relationship between V p and porosity by removing the density effect. Figure 5c) shows the combined representation of porosity with respect to compressional wave velocity measured (V p ) to the ratio between V p and V p (density) calculated from the general trend observed between bulk density and V p . Previous studies provide limited information about how density has an effect on porosity and velocity. The plot so generated shows a decrease in porosity with an increase in V p . A detailed analysis on the relationship between V s and bulk density is not possible due to scarcity of data. Figure 6 depicts a graphical representation of bulk density with respect to V s obtained with a poorly fitted general trend derived from studies conducted by three different studies, namely Moradian and Behnia (2009), Soroush et al. (2011) and Sayed et al. (2015) . The range of bulk density found from the plotted graph is 2.04-2.73 g/cc for all the different rock types, for V s varying between 1.2 and 3.1 km/s. Soroush et al. (2011) (legend I) in his study suggested a quadratic (increasing trend) correlation between both the parameters, which is also evident from Fig. 6 . In general, V s increases with an increase in bulk density. However, in totality, a scattered plot is observed but cannot be generalized due to data scarcity.
Water absorption and saturating fluid
The plotted graph, as well as the results reported in the literature, indicates that there is a negative correlation between V p and water absorption. Thus, V p may be used as an objective parameter for estimation of water absorption characteristic (Kurtulus et al. 2016) . From the graph as shown in Fig. 7 , the range of water absorption found from graph is 0.1-6.45% and V p range is 2-6.1 km/s. However, water absorption being an important rock index depends on mineralogy and porosity of rock (Soroush et al. 2011) . Table 6 shows the empirical relations between water absorption and V p and V s . (Kahraman and Yeken 2008; Soroush et al. 2011; Kurtulus et al. 2016; Kassab and Weller 2015) along with general trend used to calculate V p (density) in this study [where Y axis is V p (km/s) and X is bulk density (g/cm
3 )], and b V p versus porosity and bulk density (the datasets falling in the circle show a porosity value more than 20% with a low bulk density and comparatively lower V p values 
Also, the type of the saturating fluid also has an effect on the compressional and shear wave velocities. A rock may be saturated with water, oil, brine or gas. The velocity of P-wave is highest for brine saturated, intermediate for kerosene and lowest for the dry rock at all pressures, whereas the shear wave velocities are highest for the dry rock and lowest for the brine saturated rock. Moreover, the effect of saturating fluid is more in compressional velocities than in shear wave velocities (Toksoz et al. 1976) . Soroush et al. 2011; Kurtulus et al. 2016; Kassab and Weller 2015) [where Y is V p (km/s) and X is porosity (%)], b including ratio of actual V p and V p obtained from density plot, and porosity as reported by different researchers (Kahraman and Yeken 2008; Soroush et al. 2011; Kurtulus et al. 2016; Kassab and Weller 2015) , c including V p and ratio of actual V p and V p obtained from density plot, with porosity as reported by different researchers (Kahraman and Yeken 2008; Soroush et al. 2011; Kurtulus et al. 2016; Kassab and Weller 2015) 
Permeability
Very few studies have been conducted considering the effect of permeability on the compressional and shear wave velocity. Kassab and Weller (2015) illustrated that there is no clear trend between V p and permeability, while Sayed et al. (2015) observed a weak relationship between the two. Also, Al-Dousari et al. (2016) observed a weak relation between the two properties measured under an effective stress of 4000 psig. But, Klimentos (1991) through his study under confining pressure indicated that there is a minor increasing trend of P-wave velocity with increasing permeability, thereby suggesting that the effect of permeability alone is negligible. In other words, the effect of permeability on P-wave velocity is minimal compared to that of porosity and clay content. However, it is to be noted that there is an interdependency of permeability with porosity and density and a combined analysis is required to understand the undercovered trend of permeability clearly. In other words, the misleading permeability-velocity relationship may be attributed to the influence of clay content-velocity relationship. From the plotted semi-log graph as shown in Fig. 8 , the range of permeability found is 1.15-4969.19 mD and V p range is 3.12-6.33 km/s.
Clay content
Most of the researchers have investigated the relationship between clay content and V p and V s under confining pressures (Han et al. 1986; Klimentos 1991) and observed that there is a clear linear trend of decreasing P-wave velocity with an increase in the clay content in both poor and wellconsolidated rock samples. The reason for the effect being the higher compressibility of the clay minerals significantly affects the ultrasonic waves traveling through the rocks. Even small amount of clay content may have a larger effect on decreasing the velocity since clays can alter the petrophysical properties either by reducing the pore size or by increasing the specific surface area. However, Al-Dousari et al. (2016) studied the relationship between clay content and V p measured at an effective stress of 4000 psi on sandstone/shaly sands/carbonate rocks and observed a scattering of data indicating no clear trend. Hence, it can be concluded that clay content has a dominant effect on V p and a small variation in its amount can result in a change in V p . There is a lack of study on the influence of clay content on V p as well as V s under ambient condition. It is predictable that V p and V s will be affected by the amount of clay present in the rock sample. The effect of clay can already be sighted by its effect in other petrophysical parameters, especially density, porosity and permeability. 
Conclusions
In this detailed study on the relationships between the petrophysical properties and the compressional and shear wave velocities based on datasets measured under laboratory condition, it is clear that trends do exist, but the prediction is difficult. The empirical relationships derived by various researchers are valid only to the particular dataset for which the relationship was derived. An effort is made to propose a general trend (global trends) for Porosity versus V p and Bulk density versus V p , which is independent of the type of datasets. The influence of other factors like mineralogy, rock framework, pore geometry has not been studied by the researchers in their respective studies. The factors such as chemical and mineralogical composition, the structure and geometry of the pores (their orientation, distribution and packaging), the grain size, the type of pore filling minerals and the cementing material also need to be taken care of while assessing the relationship between the different petrophysical properties with compressional and shear wave velocities. It is very clear from the analysis that there exists an interdependence among various petrophysical parameters that affect the compressional and shear wave velocities. Such type of a combined study incorporating the influence of geological factors on the petrophysical and seismic properties is lacking, and this kind of analysis needs to be done for future research to depict an actual relationship among the properties. Sonic velocity modeling will be more accurate by incorporating mineralogical and petrophysical effects in combination rather than separately. An accurate reservoir description can only be achieved by proper integration of geological, petrophysical and engineering data.
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